Introduction
============

Polymethyl methacrylate (PMMA) is one of the most commonly used dental materials in prosthodontics due to its desirable characteristics, such as excellent aesthetic properties, ease of handling and repair, accurate reproduction of surface details, lack of toxicity, and cost-effectiveness.[@b1-ijn-13-283],[@b2-ijn-13-283] However, it has some relative inadequacies and poor mechanical properties that can cause the denture base to fracture or affect the longevity of the dentures.[@b2-ijn-13-283]--[@b4-ijn-13-283] After years of use, dentures will deteriorate and the bases may fracture due to constant exposure to external stresses caused by poor occlusion or fit.[@b4-ijn-13-283],[@b5-ijn-13-283] Several attempts have been made to improve the physical properties of the denture base material, such as the chemical modification of PMMA, development of an alternative material to PMMA, reinforcement with other materials, such as fibers, and use of macro- and nano-fillers.[@b6-ijn-13-283],[@b7-ijn-13-283] It was found that the physical properties of acrylic resins are influenced by the addition of nanoparticles as the reinforcing agent.[@b8-ijn-13-283],[@b9-ijn-13-283] Previous studies and the international standards for denture bases found that PMMA-containing nanoparticles outperform conventional PMMA.[@b10-ijn-13-283],[@b11-ijn-13-283] Recently, studies have investigated the effect of incorporating inorganic nanoparticles into PMMA to improve its properties.[@b7-ijn-13-283],[@b12-ijn-13-283]--[@b14-ijn-13-283] The shape and size as well as the concentration and interaction of these nanoparticles with a polymer matrix determine the properties of a polymer nanocomposite mixture.[@b13-ijn-13-283] Many reports proved the dependence of acrylic resin properties on nanoparticle concentrations.[@b8-ijn-13-283],[@b9-ijn-13-283],[@b15-ijn-13-283],[@b16-ijn-13-283] Nanomaterials are known for their superior characteristics compared to the conventional ones.[@b13-ijn-13-283],[@b14-ijn-13-283] When these nanomaterials are incorporated into a polymer matrix as fillers, propitious features of both constituents integrate to improve the optical and mechanical properties of nanocomposites.[@b14-ijn-13-283]

Among these, zirconium oxide nanoparticles (nano-ZrO~2~) are usually used mechanically to reinforce polymers and improve the strength of the reinforced PMMA matrix.[@b10-ijn-13-283],[@b17-ijn-13-283]--[@b19-ijn-13-283] Good adhesion and homogeneous dispersion of nanoparticles within a resin matrix improved the flexural properties of a polymer/nanoparticles composite.[@b20-ijn-13-283] Thus, silane coupling agents used to treat the surface of nano-ZrO~2~ could eliminate its aggregation and improve its compatibility with the polymer matrix.[@b20-ijn-13-283],[@b21-ijn-13-283]

In general, dentures are subjected to a combination of tensile, compressive, and shear forces as well as their susceptibility to sudden drop, which may result in denture base fracture.[@b22-ijn-13-283] Aiming to improve these properties, some inorganic fillers were used to reinforce the PMMA denture base.[@b23-ijn-13-283] Metal oxide nanoparticles have recently been investigated. In 2007, Singh et al coated alumina nanoparticles with 3-(trimethoxysilyl) propyl methacrylate (TMSPM) to form a PMMA/alumina nanocomposite, which positively enhanced the impact and tensile properties of the denture base over pure PMMA.[@b24-ijn-13-283]

Recently, nano-ZrO~2~ received great attention because of its excellent biocompatibility as well as its white color, which make it less likely to alter the aesthetics in comparison to other metal oxide nanoparticles.[@b20-ijn-13-283],[@b23-ijn-13-283] The selection of nano-ZrO~2~ as a filler in this study was based on the properties of this filler, which can improve the mechanical properties of acrylic resins. ZrO~2~ possesses a variety of beneficial properties, such as excellent toughness and mechanical strength, abrasion and corrosion resistance, and biocompatibility.[@b18-ijn-13-283],[@b23-ijn-13-283]--[@b25-ijn-13-283] Nano-ZrO~2~ has high mechanical properties, allowing it to withstand crack propagation, and it is known for having the highest hardness among any oxide. It exhibits a crystalline structure, which causes a higher value of opacity.[@b26-ijn-13-283],[@b27-ijn-13-283] There are many factors that affect the mechanical and physical properties of the PMMA/ZrO~2~ nanocomposite, such as filler type, shape, size, proportion, distribution, and composition of the matrix.[@b20-ijn-13-283],[@b23-ijn-13-283]

Good optical properties of PMMA reinforced with inorganic fillers are vital. PMMA permits filler reinforcements, which may influence the translucency properties and, consequently, the aesthetic values. Trials, through the incorporation of filler particles (zirconia, silica, alumina, glass fiber, tin, and copper), to improve the properties of PMMA were all explored.[@b28-ijn-13-283] Aszrin et al evaluated the translucency of PMMA provisional crowns reinforced with different concentrations of zirconia-alumina-silica fillers and concluded that the different concentrations exhibited an erratic influence on the PMMA translucency.[@b29-ijn-13-283]

For the fabrication of removable prosthesis, polymers with superior properties and final aesthetics are favored. Therefore, the optical properties of each material have to be considered by dental practitioners. Translucency is defined as the ability of a material to permit some light to passing through its structure, thus allowing the background underneath to show through.[@b30-ijn-13-283],[@b31-ijn-13-283] It is a designation of a partial transparency or a middle point between complete opacity and complete transparency.[@b32-ijn-13-283] The translucency property for any material results from the color difference between the thickness of the examined material over a white background and the same uniform thickness of that material over a black background. This color difference provides a specific value in relation to the common visual perception of translucency.[@b33-ijn-13-283]

Although several studies have been performed to evaluate the effect of nano-ZrO~2~ addition on different properties of PMMA denture base material, translucency and tensile strength properties were neglected. Therefore, this study intended to evaluate the effects of nano-ZrO~2~ addition on the translucency and tensile properties of PMMA. Additionally, the study sought to perform a fracture surfaces analysis of the fractured surfaces using scanning electron microscopy (SEM). The hypothesis of this study was that addition of nano-ZrO~2~ will improve the tensile strength of the PMMA denture base materials but will adversely affect the translucency.

Materials and methods
=====================

Preparation of specimens
------------------------

Eighty specimens were divided into eight groups to test tensile strength and translucency with 10 specimens for each group. Per each test, there were four groups (n=10), according to nano-ZrO~2~ concentrations. The dimensions of the specimens for the tensile strength test were selected according to ISO standard \#1567, and the tensile strength of the specimens was compared with the controls.[@b34-ijn-13-283] Dumbbell-shaped metal plates with dimensions of 32.5×6×2.5±0.03 mm for tensile strength test were invested in dental stone (Fujirock EP; GC, Leuven, Belgium) within the lower half of the flask (61B Two Flask Compress; Handler Manufacturing, Westfield, NJ, USA). A separating media was applied on the stone surface before seating the upper half of the flask and filling it with another layer of stone. After the setting of stone, the flasks containing the dumbbell-shaped metal plates were opened, and the metal plates were removed, thus creating empty molds for the denture base material.

For the translucency test, pink base plate wax (Cavex Set up Wax; Cavex, Haarlem, the Netherlands) was cut into 15×2±0.01 mm. The discs were then flasked in a similar manner. After the setting of stone, the flasks were dewaxed in boiling water for 5 min, opened, washed with clean running water, coated with a tin-foil substitute (Isol Major; Major Prodotti Dentari Spa), and allowed to cool down before packing.

Size of nano-ZrO~2~ particles
-----------------------------

Transmission electron microscopy (TEM) (FEI, Morgagni, Czech Republic) was used to measure the size of the nano-ZrO~2~ (1314-23-4; Sigma-Aldrich, Co., St Louis, MO, USA). The nano-ZrO~2~ powder was dispersed in ethanol, sonicated for 5 min, and deposited onto the TEM grid, having a carbon support film. The grid was dried prior to mounting for TEM. A TEM at 80 kV was used to record the images. Gatan digital micrograph software was used to measure the size and calculate the average size of the particles. The nano-ZrO~2~ powder used had an average grain size of 40±2 nm ([Figure 1](#f1-ijn-13-283){ref-type="fig"}), a surface area of 9±2 m^2^/g, and a purity of 99.9%.

Silanization of nano-ZrO~2~ particles
-------------------------------------

The TMSPM silane coupling agent (Shanghai Richem International Co., Ltd., Shanghai, China) was added to the nano-ZrO~2~ particles to coat the surface and form reactive groups, thus allowing for interaction between the resin matrix and nanoparticles and eventual bonding.[@b20-ijn-13-283] The process of coating involved dissolving 0.3 g of TMSPM in 100 mL of acetone followed by adding 30 g of nano-ZrO~2~ to the TMSPM/acetone mix and stirring for 60 min with a magnetic stirrer (Cimarec Digital Stirring Hotplates, SP131320-33Q; Thermo Fisher Scientific, Waltham, MA, USA). The mixture was placed under vacuum at 60°C in a rotary evaporator at 150 rpm for 30 min to eliminate the acetone. The sample was then heated at 120°C for 2 h to increase the interaction between nano-ZrO~2~ and TMSPM and subsequently coupling reaction to occur,[@b35-ijn-13-283],[@b36-ijn-13-283] and then cooled to obtain silanized nano-ZrO~2~.[@b20-ijn-13-283],[@b23-ijn-13-283] TMSPM can couple the nano-ZrO~2~ PMMA. [Figure 2](#f2-ijn-13-283){ref-type="fig"} shows the schematic representation of the chemical reaction of silanization process, the bonding formed between the nano-ZrO~2~ and TMSPM that mainly depends on the functional groups of TMSPM.[@b37-ijn-13-283],[@b38-ijn-13-283] After hydrolysis of TMSPM, silanol is formed, and alkoxy group is replaced by hydroxyl group (Si-OH) that reacts with hydroxyl group of zirconia (Zr-OH) followed by dehydration condensation reaction resulting in the formation of chemical bonds between nano-ZrO~2~ and TMSPM (Zr-O-Si). On the other hand, organofunctional groups (X) contain double bond (C=C) that can bond to PMMA.[@b44-ijn-13-283],[@b45-ijn-13-283]

Preparation of PMMA/ZrO~2~ nanocomposite
----------------------------------------

The already silanized nano-ZrO~2~ particles were weighed using a digital balance (S-234; Denver Instrument, Gottingen, Germany) and then mixed with heat-polymerized acrylic polymer powder (Major base 20; Major Prodotti Dentari, SPA, Moncalieri, Italy) at concentrations of 2.5, 5, and 7.5 wt%. The mixture of acrylic powder and silanized nano-ZrO~2~ was meticulously stirred for 30 min to ensure the homogeneity of the mix and uniformity of color.[@b23-ijn-13-283],[@b35-ijn-13-283]

Specimens processing
--------------------

Based on the manufacturer's instructions, the heat-polymerized acrylic resin (3 polymer:1 monomer volume) was mixed and left to reach a dough stage at room temperature. Acrylic dough was packed into the mold spaces, the flask halves were closed and pressed using a hydraulic press for 5 min, and then allowed to rest for 30 min before polymerization. The flask was placed into a water bath curing unit (KaVo Elektrotechnisches Werk GmbH, Leutkirch, Germany) and processed by heating it to 74°C for 90 min and then to 100°C for 30 min. The flask was slowly cooled to room temperature for 30 min followed by an immersion in cool tap water for 15 min before deflasking. After complete polymerization and cooling, the flask was opened and the acrylic specimens were taken out of the flask and finished using acrylic bur, where any excess resin was removed. Finishing of the specimens was done using silicon carbide discs (Grit 600) by a polishing machine (MetaServ 250 Grinder-Polisher, Buehler, Lake Bluff, IL, USA) at 250 rpm, followed by a cloth wheel, and a 0.5-µm diamond suspension to polish. All the specimens were examined to confirm proper dimensions using a digital caliber with a 0.01 mm accuracy (Neiko 01407A Electronic Digital Caliper). The specimens were divided into four test groups for each test, according to the nano-ZrO~2~ concentration ([Table 1](#t1-ijn-13-283){ref-type="table"} and [Figure 3](#f3-ijn-13-283){ref-type="fig"}).

Tensile strength test
---------------------

The dumbbell-shaped specimens were conditioned at 37°C for 48±2 h prior to testing. The specimens were individually fixed in a vice that grips onto a universal testing machine (Instron 8871; Instron Co., Norwood, MA, USA) with a load cell of 5 kN and a chart speed of 20 mm/min. Each individual specimen was tension loaded until fracture at a crosshead speed of 0.5 mm/min. The failure load was recorded in newtons (N). The value of the tensile strength was calculated using the following formula: (TS = F/A), where, TS is the tensile strength (N/mm^2^), F is the load at failure (N), and A is the area of a cross-section at failure (mm^2^).

SEM
---

SEM (INSPECT S50; FEI, Hillsboro, OR, USA) was used to examine the surface and fractured cross-section of the specimens. The acceleration voltage, used to perform SEM evaluation, was set at 20 kV and the working distance was \~10 mm with a 3.5 spot size. A gold coating was applied using a sputter coating machine (Quorum, Q150R ES, UK) to overcome the non-conductive nature of the material. The specimens were mounted on a metallic stub using a double-sided adhesive tape. To obtain a better visual inspection, images were taken at different magnifications to note important features about the nature of the failure.

Translucency test
-----------------

Reflectance values were measured using a spectrophotometer (Color-Eye^®^ 7000A, X-Rite). The small size (10×7.5 mm) of the aperture viewing area was selected. The spectrophotometer was calibrated using the provided white tile and black trap, following the manufacturer's recommendations. Each specimen was stabilized against the port, supported at the back by a white or black reference material, and then the support arm was closed. Color measurements of the coordinates (L\*, a\*, b\*) of the Commission Internationale de l'Eclairage (CIE) system were made for every disc against each background. Three readings were made for each specimen, and the average was automatically presented by the soft-ware. The data were tabulated and translucency was calculated using the following equation: TR= \[(L\*~white~−L\*~black~)[@b2-ijn-13-283]+(a\*~white~−a\*~black~)[@b2-ijn-13-283]+(b\*~white~−b\*~black~)[@b2-ijn-13-283]\]^1/2^, where TR is the translucency.[@b39-ijn-13-283]

Statistical analysis
--------------------

SPSS-20.0 (IBM, Chicago, IL, USA) was used for statistical data analysis. The results of the tensile strength and translucency were presented as mean, SD, minimum, and maximum observations ([Tables 2](#t2-ijn-13-283){ref-type="table"} and [3](#t3-ijn-13-283){ref-type="table"}). A paired sample *t*-test was applied to compare the means pairwise between the control and interventional groups (ie, 2.5%NZ, 5%NZ, and 7.5%NZ). A 95% confidence interval of the differences of means was also calculated. If the *p*-value was ≤0.05, then the difference was considered statistically significant.

Results
=======

The mean, SD, and *p*-values of the specimens tested for tensile strength are summarized in ([Table 2](#t2-ijn-13-283){ref-type="table"}). Regarding the data of the tensile strength, the experimental groups reinforced with the nano-ZrO~2~ fillers showed a significant increase in the tensile strength when compared with the control group (58.07±3.14 MPa). Furthermore, there were significant changes in the tensile strengths for the nano-ZrO~2~ reinforced groups 2.5%NZ, 5%NZ, and 7.5%NZ by 63.55 MPa, 66.32 MPa, and 69.59 MPa, respectively ([Table 2](#t2-ijn-13-283){ref-type="table"}).

[Figure 1](#f1-ijn-13-283){ref-type="fig"} shows the TEM image of the nano-ZrO~2~; several such images were taken to measure the average size of the particles. In general, the particles showed round morphology. The average size of the particle was estimated to be around 40±2 nm. [Figure 4](#f4-ijn-13-283){ref-type="fig"} shows the SEM micrographs of the fractured specimens at 2,000× magnifications and at different concentrations of the nano-ZrO~2~. The control specimen ([Figure 4A](#f4-ijn-13-283){ref-type="fig"}) shows flake- or sheet-like structures of certain thickness and broad scattered pores with a dimension of 50 µm. Conversely, the treated samples show a compact morphology with diminutive pores a few microns in diameter ([Figure 4B](#f4-ijn-13-283){ref-type="fig"}), which were preoccupied by zirconia nanoparticles. The pores disappeared as we moved from [Figure 4B](#f4-ijn-13-283){ref-type="fig"} (2.5%NZ) to [Figure 4D](#f4-ijn-13-283){ref-type="fig"} (7.5%NZ). Furthermore, the SEM revealed a good dispersion of nano-ZrO~2~ in the PMMA matrix, with the 2.5%NZ group showing the most regular fracture surface. As the nano-ZrO~2~ concentrations were increased to 7.5%NZ, an obvious ductile dimple pattern, demonstrating a typical ductile fracture, was seen.

The mean and SD of the translucency test are presented in [Table 3](#t3-ijn-13-283){ref-type="table"}. There was a significant reduction in the specimens' translucency of the experimental groups when compared to the control group (12.93±0.653). Within the reinforced groups, the 2.5%NZ group enabled the nanocomposite to possess the highest translucency value (3.505±0.245) followed by the 5%NZ group (2.097±0.147), while the 7.5%NZ group showed the lowest translucency value (2.023±0.321).

Discussion
==========

The current study aimed to investigate the effect of the addition of nano-ZrO~2~ on the translucency and tensile properties of the PMMA denture base material. The results found that all experimental groups showed increased tensile strength in direct proportion to the concentrations of nano-ZrO~2~, but the translucency decreased; therefore, the hypothesis of this study was accepted.

According to the results of the current study, a significant increase in the tensile strength was found with the addition of 2.5%, 5%, and 7.5% of nano-ZrO~2~. This outcome is in agreement with previous studies, which found that the addition of nano-ZrO~2~ significantly increases the mechanical properties in a direct relation.[@b20-ijn-13-283],[@b40-ijn-13-283] The amount of filler used to reinforce the acrylic resin is another important factor affecting the mechanical properties.[@b40-ijn-13-283] The percentage of filler used for reinforcement should be in such amounts that it will disperse evenly into the resin matrix without interrupting its continuity.[@b5-ijn-13-283]

The increase in tensile strength may be attributed to the good dispersion of the nano-ZrO~2~ fillers that improve the strength due to their nanosize, which helps in filling the matrix interstitially. Moreover, the strong adhesion formed between the coupling agent on the surface of the nano-ZrO~2~ and PMMA matrix improves the mechanical properties of the nanocomposites.[@b10-ijn-13-283],[@b23-ijn-13-283] Furthermore, the large interfacial area of nanoparticles provides more contact points between the PMMA and nano-ZrO~2~, thereby improving mechanical interlocking and allowing a change in the properties of the ZrO~2~/PMMA nanocomposite provided by plastic deformation and an increase in the PMMA matrix ductility.[@b41-ijn-13-283]--[@b43-ijn-13-283] Moreover, the existing, well-distributed nano-ZrO~2~ transfer stresses from the weak PMMA matrix to the strong nano-ZrO~2~ filler.

Contrary to the results found in this study, Chladek et al showed that the mechanical properties of nanocomposites reinforced by silver nanoparticles decreased as the silver nanoparticle concentrations increased.[@b46-ijn-13-283] Similarly, Chatterjee in 2010 showed that increasing the titanium oxide nanoparticle content decreased the tensile strength.[@b15-ijn-13-283] Chladek et al and Chatterjee attributed the decrease in tensile strength to the agglomeration of the incorporated nanoparticles, acting as stress concentration centers in the matrix and unfavorably decreasing the mechanical properties of the resin.[@b15-ijn-13-283],[@b46-ijn-13-283],[@b47-ijn-13-283] Also, the presence of agglomerated fillers forming loosely attached clusters, which affect the mode of crack propagation, reduces the tensile strength.[@b20-ijn-13-283],[@b15-ijn-13-283] However, the results of this study showed an increase in tensile strength, even with higher concentrations. These differences may be due to the nature of the nanoparticles used in addition to salinization effect of the nano-ZrO~2~.

The SEM micrographs showed good surface characteristic with different nano-ZrO~2~ concentrations. Moreover, no big agglomeration of these nanoparticles was observed, indicating a uniform particle distribution. The SEM analysis showed that as the concentration increases, the polymer matrix is filled with nanoparticles that will stop crack propagation, resulting in stronger material. In addition, good dispersion of the nanoparticles into the resin matrix filled the inter-polymeric chain spaces, which shows the importance of the additive content of the nanoparticles.[@b10-ijn-13-283],[@b15-ijn-13-283]

The heat-cured acrylic resin comes in a translucent pink color, which is then mixed with a monomer and undergoes heat polymerization. In general, the PMMA is translucent, has good biocompatibility, and has a low toxicity.[@b15-ijn-13-283],[@b28-ijn-13-283],[@b29-ijn-13-283] Despite its ease of manipulation and low cost, it is prone to several disadvantages, such as poor mechanical and surface properties, resulting in denture fracture, porosities, plaque accumulations, and stains.[@b1-ijn-13-283],[@b6-ijn-13-283],[@b15-ijn-13-283] To overcome these weak properties, PMMAs are reinforced with nano-ZrO~2~ to improve the mechanical properties without adversely affecting the aesthetics.[@b5-ijn-13-283],[@b26-ijn-13-283]

Overall, the diffuse reflectance spectra readings display the amount of ultraviolet (UV) beam reflected by the UV-VIS spectrophotometer. The higher readings exhibit a higher reflectance of UV beam, which shows an increase in the average total of translucence, whereas lower readings exhibit a lower reflectance, which shows a decrease in the average total of translucence.[@b29-ijn-13-283] When the measured translucency approaches zero, the material is considered to be completely opaque. As the value increases, translucency also increases.[@b32-ijn-13-283] Kelly et al recognized translucency as being a prime factor in determining the aesthetics and, therefore, a key property in material selection.[@b48-ijn-13-283] The success of a removable prosthesis is dependent on the appearance of the denture base to that of the patient's oral mucosa, which mainly depends on the translucency.[@b30-ijn-13-283] To render the prosthesis with a natural look, a desired level of translucency is mandatory. The idea behind this is to create harmonious optical properties between the removable prosthesis and underlying mucosa given that a "chameleon" effect, which allows the underlying soft tissues to show through the PMMA denture base.[@b49-ijn-13-283],[@b50-ijn-13-283]

It was found that the addition of nano-ZrO~2~ decreased the translucency of the investigated material in direct relation to its concentrations. In agreement with the results of the current study, Aszrin et al in 2016 concluded that the combination of different concentrations of zirconium oxide, aluminum oxide, and silicon oxide fillers exhibits an unpredictable negative influence on translucency.[@b29-ijn-13-283] This decrease in translucency may be attributed to differences in the optical properties of the nano-ZrO~2~ and its distributions within the resin matrix. Due to the crystallinity nature of nano-ZrO~2~ (high opacity), the absorbed light was not allowed to pass through, thereby decreasing translucency. This change is inversely proportional to the concentration of nano-ZrO~2~.[@b26-ijn-13-283] Meanwhile, the white color of zirconia powder does not compromise the aesthetic appearance, unlike its metal filler counterparts, such as aluminum, copper, or silver.[@b5-ijn-13-283] The nano-ZrO~2~ cluster formations also prevented light transmission, thereby decreasing translucency. This finding is in agreement with Shirkavand and Moslehifard's study, in which they stated that it is essential to prevent the agglomeration of particles used within the matrix in order to prevent disrupting the diffuse reflectance of the UV beam, which decreases translucency.[@b51-ijn-13-283]

The differences in the optical properties originate from different types and amounts of fillers in the PMMA materials.[@b29-ijn-13-283] The difference between the refractive indices of the fillers and matrix affects the refraction and reflection of light at the filler/matrix interface and, thereafter, the translucency of the nanocomposite.[@b52-ijn-13-283] It was found that the refractive index of the nano-ZrO~2~ (2.1750) is higher than that of the PMMA (1.4813).[@b53-ijn-13-283] Since this nanocomposite was composed of resin and inorganic nanoparticles, the higher the refractive index difference between the two phases, the greater the opacity of the nanocomposite ([Figure 5A and B](#f5-ijn-13-283){ref-type="fig"}).

From a clinical point of view, an improvement in the mechanical properties of the PMMA denture base via the addition of different fillers and aesthetics is required. The addition of different concentrations of nano-ZrO~2~ exhibits an erratic influence on translucency. Therefore, attention should be paid while selecting the appropriate concentrations of reinforcement materials that will improve the mechanical properties with minimal adverse effects on the optical ones.

Nano-ZrO~2~ particles have received a great attention due to their attractive scientific, technological, and medical aspects.[@b54-ijn-13-283] Nano-ZrO~2~ particles were found to possess remarkable antimicrobial and antifungal effects. Several studies reported the positive effects of nano-ZrO~2~ on *Candida albicans* and *Aspergillus niger*.[@b54-ijn-13-283],[@b55-ijn-13-283] Recently, Gad et al investigated the antifungal effect of nano-ZrO~2~ incorporated into PMMA removable prosthesis and found that nano-ZrO~2~ had the capability of reducing the candida counts. This beneficial property allows the incorporation of nano-ZrO~2~ in the repair material of denture bases and in PMMA removable prostheses as a possible approach to prevent denture stomatitis.[@b56-ijn-13-283] To obtain a PMMA/nanocomposite that holds antimicrobial properties without affecting the physical and mechanical properties, adequate concentrations of nano-ZrO~2~ should be used. Otherwise, nano-ZrO~2~ might adversely affect the physical properties of nanocomposites when the focus is directed at treatment outcomes without any attention to material basic properties.

Based on the results of this study, it has been concluded that nano-ZrO~2~ have a variety of properties due to their specific characteristics and surface activity, thereby making them suitable for polymer reinforcement. When these particles are added to acrylic denture base material, they improve the mechanical properties of the final nanocomposite with an adverse effect on the aesthetic qualities. Further investigations are recommended with different concentrations of nano-ZrO~2~ and different types of acrylic resins to understand more about the effects of nano-ZrO~2~ on the physical and mechanical properties of acrylic denture base.

The limitations of this study were using one type of acrylic resin with no aging procedures. In addition to using one reinforcement material, other nanoparticles (titanium, aluminum, silica, etc.) can also be used for reinforcement. Moreover, the specimens were tested in conditions that did not simulate the oral environment. Therefore, the recommendations of this study are to test this nanocomposite after prosthesis fabrication in a simulated oral environment. Further in vivo and clinical studies that investigate the properties of this nanocomposite are also required.

Conclusion
==========

Within the limitations of this study, the following conclusions could be drawn: addition of nano-ZrO~2~ to PMMA acrylic denture base increases the tensile strength. This increase is directly proportional to the concentrations of nano-ZrO~2~. The translucency parameter was adversely affected and reduced as the nano-ZrO~2~ concentration increased. Therefore, caution is necessary when selecting an appropriate concentration that will enhance the mechanical properties of the reinforced PMMA denture base without adversely affecting the aesthetics.
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![Representative TEM images of nano-ZrO~2~.\
**Note:** The average particle size was estimated to be \~40 nm.\
**Abbreviations:** nano-ZrO~2~, zirconium oxide nanoparticles; TEM, transmission electron microscopy.](ijn-13-283Fig1){#f1-ijn-13-283}

![Schematic diagram of silanization of nano-ZrO~2~.\
**Abbreviation:** nano-ZrO~2~, zirconium oxide nanoparticles.](ijn-13-283Fig2){#f2-ijn-13-283}

![Specimens prepared for testing: disc shape obtained for translucency test and dumbbell shape for tensile strength test.\
**Note:** (**A**) Unreinforced specimen (n=20), acrylic resin specimens reinforced with (**B**) 2.5% nano-ZrO~2~ (n=20), (**C**) 5% nano-ZrO~2~ (n=20), and (**D**) 7.5% nano-ZrO~2~ (n=20).\
**Abbreviations:** 2.5%NZ, 2.5 wt% nano-ZrO~2~ reinforced heat-polymerized acrylic resin; 5%NZ, 5 wt% nano-ZrO~2~ reinforced heat-polymerized acrylic resin; 7.5%NZ, 7.5 wt% nano-ZrO~2~ reinforced heat-polymerized acrylic resin; nano-ZrO~2~, zirconium oxide nanoparticles.](ijn-13-283Fig3){#f3-ijn-13-283}

![Representative SEM images.\
**Note:** (**A**) Unreinforced specimens, acrylic resin specimens reinforced with (**B**) 2.5%NZ, (**C**) 5%NZ, and (**D**) 7.5%NZ.\
**Abbreviations:** SEM, scanning electron microscopy; 2.5%NZ, 2.5 wt% nano-ZrO~2~ reinforced heat-polymerized acrylic resin; 5%NZ, 5 wt% nano-ZrO~2~ reinforced heat-polymerized acrylic resin; 7.5%NZ, 7.5 wt% nano-ZrO~2~ reinforced heat-polymerized acrylic resin.](ijn-13-283Fig4){#f4-ijn-13-283}

![Possible explanation of translucency change of PMMA/ZrO~2~ nanocomposite.\
**Notes:** (**A**) Higher refractive index difference between nano-ZrO~2~ and resin matrix resulted in severe bending of the light at nano-ZrO~2~/resin matrix interface, which reduced light transmittance. (**B**) Low refractive index difference between nano-ZrO~2~ and resin matrix allowed incident light passing through the material with a little interference between nano-ZrO~2~ and resin matrix.\
**Abbreviations:** PMMA, polymethyl methacrylate; nano-ZrO~2~, zirconium oxide nanoparticles.](ijn-13-283Fig5){#f5-ijn-13-283}

###### 

Specimens grouping and specifications

  Groups    Specifications                                                  Number
  --------- --------------------------------------------------------------- --------
  Control   Unreinforced heat-polymerized acrylic resin                     20
  2.5%NZ    2.5 wt% nano-ZrO~2~ reinforced heat-polymerized acrylic resin   20
  5%NZ      5 wt% nano-ZrO~2~ reinforced heat-polymerized acrylic resin     20
  7.5%NZ    7.5 wt% nano-ZrO~2~ reinforced heat-polymerized acrylic resin   20

###### 

Mean, SD, and *p*-values of the specimens tested for tensile strength

  Sample      Control (C)     2.5%NZ (X)      5%NZ (Y)        7.5%NZ (Z)
  ----------- --------------- --------------- --------------- ---------------
  Max         62.67           67.90           70.02           71.76
  Min         53.85           59.55           63.64           64.43
  Mean ± SD   51.77±3.14^a^   63.55±2.91^b^   66.32±1.87^c^   69.59±1.00^d^
  95% CI      55.7--60.2      61.5--65.6      65.0--67.7      67.5--70.9
  *p*-value   --              vs C=0.001      vs C=0.000      vs C=0.012
  --          --              vs X=0.003      vs X=0.000      
  --          --              --              vs Y=0.000      

**Notes:** One-way ANOVA and a paired sample *t*-test (*p*\<0.05) indicate differences among nano-ZrO~2~ concentrations as shown by differences in superscripts letters horizontally.

**Abbreviations:** C, unreinforced heat-polymerized acrylic resin; 2.5%NZ, 2.5 wt% nano-ZrO~2~ reinforced heat-polymerized acrylic resin; 5%NZ, 5 wt% nano-ZrO~2~ reinforced heat-polymerized acrylic resin; 7.5%NZ, 7.5 wt% nano-ZrO~2~ reinforced heat-polymerized acrylic resin.

###### 

Mean, SD, and *p*-values of translucency

  Sample      Control (C)      2.5%NZ (X)       5%NZ (Y)         7.5%NZ (Z)
  ----------- ---------------- ---------------- ---------------- ----------------
  Max         13.89            4.02             2.38             2.53
  Min         12.02            3.20             1.85             1.62
  Mean ± SD   12.93±0.653^a^   3.505±0.245^b^   2.097±0.147^c^   2.023±0.321^c^
  95% CI      12.46--13.40     3.33--3.68       1.99--2.20       1.79--2.25
  *p*-value   --               v/s C=0.000      v/s C=0.000      v/s C=0.000
  --          --               v/s X=0.000      v/s X=0.000      
  --          --               --               v/s Y=0.564      

**Notes:** One-way ANOVA and a paired sample *t*-test (*p*\<0.05) indicate differences among nano-ZrO~2~ concentrations as shown by differences in superscripts letter horizontally; same letters indicate no significant difference.

**Abbreviations:** C, unreinforced heat-polymerized acrylic resin; 2.5%NZ, 2.5 wt% nano-ZrO~2~ reinforced heat-polymerized acrylic resin; 5%NZ, 5 wt% nano-ZrO~2~ reinforced heat-polymerized acrylic resin; 7.5%NZ, 7.5 wt% nano-ZrO~2~ reinforced heat-polymerized acrylic resin.
